INTRODUCTION
In the industrial application of metals a lot of physical qualities such as tensile strength, ductility, malleability and conductivity, are important. There exists an important class of alloys which exhibit another remarkable quality of memory and trainability. These alloys are called shape-memory alloys. If such alloys are plastically deformed at one temperature, they will completely recover their original shape on being raised to a higher temperature. In recovering to their original shape these alloys can produce a displacement or a force, or a combination of both, as a function of temperature. Because of these remarkable properties, shape-memory alloys can be used in a variety of industrial and medical applications.
All the shape-memory alloys exhibit a transformation from a so called rnartensite phase to a highertemperature configuration called the parent or beta phase. The martensite crystal structure is usually produced by rapidly quenching a suitable alloy to some critical temperature. The transformation fiom the low temperature rnartensite structure to the higher-temperature meta-stable beta phase is diffisionless, resulting from the coordinated movement of large blocks of atoms. The transformation is also crystallographically reversible.
Martensitic transformations occur in ferrous as well as in non-ferrous martensitic alloys. A lot of Cubased alloys (such as Cu-Zn, Cu-Zn-Al, Cu-Zn-Ga, Cu-Zn-Sn, Cu-Zn-Si, Cu-Al-Ni, Cu-Sn) have been studied and reveal the shape-memory effect.
The alloys studied in this work are Cu-Al-Ni based. At high temperatures (around 1173K) these alloys are in a stable bcc disordered beta phase. When slowly cooling the alloys, this phase will decompose into other phases which minimize the free energy of the system. However, when quenching the alloy to low temperatures, this phase decomposition is suppressed and the beta phase is frozen-in Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:1995119
When slowly cooling the alloy after the initial water quench from high temperatures, the beta structure transforms to martensite. The volume of the crystal which transforms to martensite will increase with decreasing temperature until the whole crystal has become martensite. By heating the alloy the reverse transformation occurs and a hysteresis effect of 10 to 20 K is seen. The transformation is characterized by four transformation temperatures m, Mf, A, &. M, and Mf are those temperature where the martensitic transformation starts and finishes (when cooliig the alloy from the parent phase). A. and & are those temperature where upon heating the martensitic alloy respectively starts to transform to the beta phase and where the transformation is complete.
Martensitic alloys exhibit a stabilization process. This means that the A, and Af temperatures shift to higher values as a function of ageing in the martensite phase. This effect is often detrimental to the industrial application of shape-memory alloys. It is known that the stabiliiation effect occurs much faster if the vacancy concentration retained in the martensitic phase is higher. To minimize this effect stepquenching is often used. In this process the alloys are first quenched to temperatures just above M, and then quickly cooled down below Mf.
Positron annihilation is an excellent tool to study vacancy type defects. In the present work this technique is used to study the behavior of quenched in vacancies in a number of Cu-Al-Ni based alloys.
EXPERIMENTAL
The samples used had a rectangular shape with dimensions of lOxlOxl mm3. The base material of the alloys used was Cu-Al-Ni to which Ti, and Ti and Mn was added. The composition of the diierent alloys and the first re-transition temperatures are given in table 1. All the samples were betatized in air at TQ = 1173K for t~ =15 minutes and then quenched into a water bath at TB = 273K, which is well below the martensite transformation temperatures. Before the measurements the samples were etched in a solution of 50% HNO3 and 50% water.
As a positron source "~a was used which was sandwiched between two identical samples. This sandwich arrangement was placed into a vacuum cryostat.
The Dopplerbroadening of the 51 1 keV positron annihilation line was measured with an intrinsic Ge detector having a resolution of about 1.2 keV at an energy of 5 1 1 keV and at a count rate of 8x10~ counts per second. With a biased amplifier all the pulses below about 380 keV were cut o E Stabilization of the energy spectrum was performed with the help of two ultra-stable pul~ers['~. The energy calibration of the system was 0.05 keV per channel. The annihilation lime was characterized by the conventioaal S-parameter which is the fraction of full energy counts falling within a central integration window.
The S-parameter was measured in situ as a function of the temperature starting from 100 K up to 600 K in steps of 10 K. Each measurement lasted 15 minutes. Thereafter the temperature was lowered in the same way and several consecutive temperature cycles were measured. The S-parameter measurements for the CAN alloy are represented in figure 1. Only the first heating and cooling run are shown. During the heating run the S-parameter value shows a quite flat plateau in the temperature region from lOOK up to 370K. From 370K on a drastic decrease in the S-parameter value is measured up to 430K. Thereafter a rather flat behavior is seen in the temperature region up to 490K and then the S-parameter value starts to increase. In the cooling run the data start deviating significantly from the data of the heating run for temperatures below about 530K. A dip in the data of the cooling run is seen at around 480K. The slope of the data in the cooling run in the temperature interval lOOK to 370K is diierent from the slope of the data in the heating run in the same temperature interval. At lOOK a big difference between the data before and after the cycling is seen. This means that by quenching the alloy fiom TQ = 1173K into ice water, vacancies are frozen in. These vacancies disappear at the martensite to beta transformation. In the as-quenched alloys saturation trapping in defects occurs which is characterized by the flat plateau in the temperature region lOOK to 370K. After the annealing of the vacancies (i.e. in the cooling down run) the slope in the data in the same temperature interval from lOOK to 370K represents the effect of thermal expansion in the martensite phase.
The same alloy was heat treated completely differently. Instead of quenching the alloy, the samples were slowly cooled from high temperatures, so that the beta phase decomposed into other stable phases and consequently the martensite phase did not occur. S-parameter measurements in these samples in the same temperature region are shown in figure 2. The measured S-parameter behavior is completely different. The S-parameter changes very slowly as a function of the temperature and no drastic annealing effect is seen. From the positron annihilation data it is clear that the martensite transformation does not occur. Measurements were also carried out during further cycling the CAN alloy in the interval between lOOK and 600K. It was noticed that after the first heating run the curves in the interval 100K-600K always shift to higher S-parameter values with the number of cycles. Figure 2 : S-parameter measurements in the CAN alloy samples which were slowly cooled fiom 1173K to room temperature so that the martensite phase does not occur
CANTI alloy
Dopplerbroadening measurements in the CANTI alloy are represented in figure 3 . The first heating run from lOOK up to 390K shows some temperature dependence. The first heating run was performed up to 390% then the temperature was lowered again to lOOK, and a second heating cycle, up to 600K was started. It is seen that the data for this second heating run is shifted to a lower S-parameter value. The slope of the data for the first heating run is the same as for the second heating run in the as-quenched samples. This indicates that some vacancies may have disappeared by the first heating run up to 390K.
From 380K up to 470K a drastic decrease in the S-parameter values is seen. This indicates again that at the martensite transition the quenched-in vacancies disappear. The data for the first cooling run in the temperature interval 390K-100K show a somewhat steeper slope than the data of the as-quenched sample in the first heating run. The total decrease in S-parameter due to the annealing out of the vacancies is lower in the CANTI sample in comparison with the CAN sample. This could indicate that the quenched-in vacancy concentration in this alloy is lower. The slight temperature slope in the as quenched alloy during the first heating run in the temperature interval 100K-390K could also be explained as non-saturation trapping in the quenched-in defects.
In figure 3 it is also seen that when cycling through the martensite transformation the S-parameter value gradually increases. It is known that when cycling through the martensite transformation, dislocation are formedr2]. Positron trapping in those generated dislocations occurs so that an increase in the S-parameter is expected. This has been seen with positron annihilation measurements in a ternary Cu-Zn-A1 alloy'"]. However in the former measurementsP1 a significant increase of the S-parameter was seen only after 10 cycles. The effect saturated after about 100 cycles. In the beta phase of that ternary Cu-Zn-A1 alloy an increase of the S-parameter value was also seen.
In the CANTI alloy the number of cycles is rather small so that the increase in S-parameter value due to dislocation formation is expected to be small too. It is also seen that in the beta phase the curves practically coincide. This means that dislocation formation alone cannot account for the observed effect. Because the measurements are performed up to 600K (well above the Af temperature) and because each measurement lasted 15 minutes, the alloy is kept for an appreciable time in the beta phase. During that time precipitation of other phases (bainite ct or y) can take place. This means that in the martensite phase interfaces of precipitates and martensite plates exist. Besides trapping in dislocations a supplementary positron localization can occur at those interfaces leading to an increase of the S-parameter value. 
CANTM alloy
The Dopplerbroadening measurements in the CANTIM alloy are represented in figure 4 . The most remarkable observation in these measurements is that for the as-quenched alloys there is a pronounced temperature dependence in the temperature region 100K-350K. A drastic decrease in the S-parameter value is measured in the interval 370K-470K. In the parent phase an increase of the S-parameter values is obtained. After the annealing-out of the quenched-in defects the curves in the temperature interval 100K-350K display a temperature behavior which is completeIy different fkom the one measured in the same temperature interval for the as-quenched alloy. The low-temperature dependence in the as-quenched alloy is hardly understandable with the assumption that mono-vacancies are quenched-in. If the quenched-in vacancy concentration is high enough so that saturation trapping should occur, then practically no temperature dependence (as in the CAN alloy) is expected. Ifthe vacancy concentration is not high enough to result in saturation trapping then some temperature dependence is expected due to the thermal expansion of the lattice. This should resemble the temperature dependence of the data in the low temperature region after the annealing of the quenched-in defects.
In the as-quenched alloy a very steep increase in the S-parameter value is seen for temperatures up to 250K. A very similar behavior (in lifetime measurements) was seen in literature for samples containing large vacancy clusters (voids)[41. This temperature effect was explained as being due to the temperature dependence of the positron trapping probability which at low temperatures is transition l i i t e d and strongly dependent on the temperature and which at higher temperatures is diision-limited and weakly temperature dependent. These results suggest that the addition of M n favors the nucleation of large The reversibiiity of the data in the low temperature region for the as-quenched samples was checked by cycling in the temperature interval between IOOK and 3 10K. The data always coincide. The measurements are represented in figure 5. Those measurements were performed on samples which were aged for about 4 month in the martensite phase at room temperature. After having measured four cycles in the low temperature interval the samples were measured crossing the martensite transformation region. A drastic decrease in the S-parameter value is seen.
CONCLUSION
From the data presented in this work it is clear that positron annihilation is a very useful tool to study industrial materials. The measuring technique is very sensitive to the presence of defects and can be used to follow the defect behavior in industrial alloys. However in comparison with simple metals (or even simple binary alloys) the interpretation of the data in real industrial materials is not always straight forward. Impurities are added to the basic alloys to improve the metallurgical properties, but introduce a lot of physical complications on the atomic scale (defect-impurity interaction, impurity-impurity interactions, . . .).
The positron annihilation technique provides a lot of usell information which can be used to interpret metallurgical problems when combining the data with data obtained from other techniques. This implies a close collaboration between the positron physicist and the metallurgists. 
